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Abstract 

Data on the energy levels and transition 

probabilities for Mn4+:Ti02 and Cr3+:ZnW04 are 

presented in this report. The important parameters 

are the magnitude and orientation of the external 

d . c .  magnetic field. In addition, the orientation 

o f  a linearly polarized r.f. magnetic field which 

results in a maximum transition probability is 

tabulated. 
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Introduction: 

In order to determine the usefulness o f  a paramagnetic spin 
system in a maser it is necessary to know several characteristics 
of the system: (a) relaxation times, (b) energy levels, a n d  
( c )  transition matrix elements. The latter two characteristics 
determine the operating frequencies and signal and pump transition 
strengths. 

We present, herein, data on energy levels and transition 
probabilities a s  a function o f  the strength and orientation of 
an external d.c. magnetic field f o r  Mn4+:Ti02 and Cr3+:ZnW04. 

SDin Hamilton ian [Andresen, 1960; Kurtz and Nilsen, 19621 

Both ions, in their respective host crystals, are surrounded- 
by a slightly deformed octahedron of oxygen atoms. The resulting 
spin Hamiltonian for each is 

+ g H S 1 + D [ S z  - 4 S(S+l)] + E ( S 2 - S 2 )  : 
X Y  z z z  

( H S  + g H S  
x x x  Y Y Y  (1) y =  B 

for 
MnB+:TiO gx=gy=gz= 1.99, D = -12.1 GHz, E = -3.88 GHz ; 

2' 
for 

Cr3+:ZnW04, gx=gy=1.96, gz=1.97, Dz25.47 GHz E = - 2 . 4 2  GHz. 

Each ion has a n  effective spin of 3/2. 

The axes referred to in the spin-Hamiltonians are: 

cr3+ : ZnW04 4+ Mn :Ti02 

x = [iio] 

y = [1103 rotated 4.2' from +a towards 

x = [ o o ~ ]  (c-axis) 

y axis along monoclinic b axis, 
x and z in (010) plane with z 

+c axis. 

When the usual 4 x 4  Pauli spin matrices are substituted into 
( 1 )  we obtain 
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c c 

3 / 2  A 1  c o s  8+D a A2  s i n  0e'i9 & E 
2 

I I 0 1 
4 A s i n  Oe iv  1 / 2  A l  c o s  0 - D  A s i n  0 e ' i 9  6 E 

dx E 

2 2  2 

A~ s i n  e e i q  -i/2 A 1  c o s  0-D 6 A s i n  e e - i v  
2 

4 A s i n  O e i Q  - 3 / 2  Altos 0+D 2 2  
0 & E  

B H .  H i s  t h e  m a g n i t u d e  o f  t h e  
g Y  

where  A1= gZpH,  
d . c .  m a g n e t i c  f i e l d ,  a n d  0 a n d  'p a r e  t h e  u s u a l  s p h e r i c a l  c o o r d i n a t e  I 

a n g l e s ;  0 i s  m e a s u r e d  f r o m  t h e  z a x i s  a n d  Cp i s  m e a s u r e  o f  t h e  p r o -  
j e c t i o n  of i n  t h e  x-y p l a n e  f r o m  t h e  x a x i s  ( F i g .  1 . )  

A = g BH = 2 x  

E n e r a v  L e v e l s  a n d  T r a n s  i t i o n  P r o b a b  i l i t i e s  

T h e  e n e r g y  l e v e l s  ( m e a s u r e d  i n  f r e q u e n c y  u n i t s )  a r e  s i m p l y  
t h e  e i g e n v a l u e s  o f  (2), d e t e r m i n e d  a s  a f u n c t i o n  o f  H ,  0 a n d  ' p .  
T e t r a  s i t i o  p r o b  b i l i t i e s  a r e  o b t a i n e d  f r o m  t h e  e i g e n v e c t o r s  
! l > ,  1 2 > ,  1 3 > ,  I d > ,  (where  t h e  i n d i c e s  s t a n d  f o r  i n c r e a s i n g  

v a l u e s  o f  e n e r g g l t h r o u g h  

w h e r e  I 
0 4  0 o -i& o 0 

x 2  

o &  i4i  o 
( 3 )  

0 0  

1 
2 s,= - 

0 -3 

a r e  t h e  4x4 P a u l i  s p i n  m a t r i c e s .  
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I f  t h e  e i g e n v e c t o r  l j >  i s  g i v e n  by 

( 5 )  < i  IS, Ij> = i&/2  ( - a i * b  + b i *  a -c i*  d + d  * c . )  + i ( - b  * c . + c  " b . )  .i j j i  J i j i j  

where  * d e n o t e s  c o m p l e x  c o n j u g a t e .  

F o r  a l i n e a r l y  p o l a r i z e d  r . f .  m a g n e t i c  f i e l d  o r i e n t e d  a t  
s p h e r j c a l  c o o r d i n a t e  a n g l e s  ( a  , p  w i t h  r e s p e c t  t o  t h e  c o o r d i n a t e  
a x e s  a s  i n  F i g .  1, t h e  t r a n s i t i o n  p r o b a b i l i t y  b e t w e e n  l i >  a n d  
l j >  i s  p r o p o r t i o n a l  t o  

+ s *  s ) 
2 

X 
+ s i n  a c o s p  s i n g  ( S  * s 

i j  i j  X Y Y i j  i j  
gA 

s:ina c o s a  c o s s  ( s  s * + s * s + g L g z  s i n a  c o s a  
i d  i j  i j  i j  

gAgZ z X z X 
+ 

s i n $  ( S  S S z 1 1  

* + s  JL 

' i j  i j  z Y i j  i j  
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C o m p u t a t i o n  

I n  o r d e r  t h a t  t h e  c o m p u t e r  b e  a b l e  t o  w o r k  w i t h  c o m p l e x  
n u m b e r s ,  a l l  e n t r i e s  i n  ( 2 )  o f  t h e  f o r m  a + j b  w e r e  w r i t t e n  
a s  2 x 2  m a t r i c e s  

[: -I] 
w h i c h  mean¶ t h a t  t h e  c o m p u t e r  i s  r e a l l y  w o r k i n g  w i t h  a n  8 x 8  
m a t r i x .  

T h e  c o m p u t a t i o n  o f  e i g e n v e c t o r s  ( a n d  e i g e n v a l u e s )  was  
b a s e d  o n  a n  i t e r a t i o n  s c h e m e  d e s c r i b e d  i n  C r a n d a l l  (19561,  
S e c t i o n s  2.7 a n d  2 .8 .  

T h e  e x p r e s s i o n  ( 6 )  f o r  t h e  t r a n s i t i o n  p r o b a b i l i t y  f o r  
l i n e a r l y  p o l a r i z e d  r a d i a t i o n  a t  a r b i t r a r y  o r i e n t a t i o n  ( a  , p  1 
was m a x i m i z e d  w i t h  r e s p e c t  t o U  a n d  p , w i t h  H d c  8 a n d  Cp 
t r e a t e d  a s  p a r a m e t e r s .  T h e  maximum v a l u e s  o f  ( 6 )  a r e  p l o t t e d  
a n d  t h e  v a l u e s  o f  ( a , 1 y i e l d i n g  t h e  maxima a r e  t a b u l a t e d .  

T a b l e s  a nd GraDhs  

T a b l e  1 p r e s e n t s  t h o s e  v a l u e s  o f a  a n d p  w h i c h  m a x i m i z e  ( 6 )  
f o r  Mn4+:Ti02. T h e  o r i e n t a t i o n ,  ( 8 ,  Cp >, a n d  s t r e n g t h ,  H ,  o f  t h e  
e x t e r n a l  d . c .  m a g n e t i c  f i e l d  a r e  shown a s  p a r a m e t e r s .  H i s  i n  
k i l o g a u s s .  T h e  s y m b o l s  1 - 2 ,  1-3, e t c ,  s t a n d  f o r  t h e  1-2 t r a n s i -  
t i o n ,  1-3 t r a n s i t i o n ,  e t c .  A l l  e n e r g y  l e v e l s  a r e  l a b e l e d  i n  
a s c e n d i n g  o r d e r  i n  t h e  l o w - f i e l d  l i m i t .  T a b l e  2 i s  a s i m i l a r  
p r e s e n t a t i o n  f o r  ~ r 3 +  : z ~ w o ~ .  

F i g s .  2 - 1 0  a r e  t h e  e n e r g y  l e v e l s  o f  M n 4 + : T i 0 2  ( m e a s u r e d  i n  
GHz) v e r s u s  H ( i n  k i l o g a u s s )  w i t h  8 a n d v  t r e a t e d  a s  p a r a m e t e r s .  
T h e  c o r r e s p o n d i n g  c u r v e s  f o r  Ci.'+:Zii!:'Oq a r c  s h f i ~ ! ~  i n  F i a S ,  11-19. 

F o r  x - ,  y - ,  o r  z - p o l a r i z e d  r a d i a t i o n  t h e  c o r r e s p o n d i n g  t r a n s j -  
t i o n  p r o b a b i l i t i e s  b e t w e e n  t h e  v a r i o u s  e n e r g y  l e v e l s  a r e  shown i n  
F i g s .  2 0 - 4 6  f o r  M n 4 + : T i 0 2  a n d  F i g s .  4 7 - 7 3  f o r  Cr3+:ZnW04. 
maximum t r a n s i t i o n  p r o b a b i l i t i e s  f o r  a r b i t r a r i l y  o r i e n t e d ,  l i n e a r l y  
p o l a r i z e d  r a d i a t i o n  ( e q n .  61,  a r e  shown i n  F i g s .  7 4 - 8 2  f o r  M n 4 + : T i 0 2  
a n d  F i g s .  83-91 f o r  Cr3+:ZnW04. I t  s h o u l d  b e  r k m e m b e r e d  when u s i n g  
t h e  c u r v e s  f o r  t h e  v a r i o u s  t r a n s i t i o n  p r o b a b i l i t i e s  t h a t  t h e y  a r e  
l a b e l e d  a c c o r d i n g  t o  t r a n s i t i o n s  b e t w e e n  e n e r g y  l e v e l  c u r v e s ,  e a c h  
e n e r g y  l e v e l  c u r v e  b e i n g  numbered  i n  a s c e n d i n g  o r d e r  o f  e n e r g y  
-- i n  t h e  weak  ( d . c . 1  f i e l d  l i m i t .  T h i s  p o i n t  i s  i m p o r t a n t  b e c a u s e  
i f  t w o  e n e r g y  l e v e l  c u r v e s  c r o s s  f o r  a c e r t a i n  v a l u e  o f  H ,  t h e  
o r d e r s  o f  t h e i r  e n e r g i e s  b e c o m e s  ; r e v e r s e d  i n  t h e  weak  a n d  h i g h  
f i e l d  l i m i t s ,  b u t  t h e y  s t i l l  c a r r y  t h e  weak  f i e l d  l a b e l .  

T h e  

5 



C o n c l u s i o n s  

We h a v e  p l o t t e d  t h e  m o s t  i m p o r t a n t  f e a t u r e s  f o r  m a s e r  

T h e  e n e r g y  l e v e l s  d e t e r m i n e  t h e  
o p e r a t i o n  t h a t  c a n  b e  o b t a i n e d  f r o m  t h e  s p i n - H a m i l t o n i a n s  f o r  
Ma4+:T i02  a n d  Cr3+:ZnW04. 
o p e r a t i n g  f r e q u e n c i e s ,  b o t h  s i g n a l  a n d  pump, w h i l e  t h e  t r a n s i t i o n  
p r o b a b i l i t i e s  ( o r ,  t o  b e  m o r e  p r e c i s e ,  t h e  t r a n s i t i o n  m a t r i x  
e l e m e n t s )  d e t e r m i n e  t h e  g a i n  a t  t h e  s i g n a l  f r e q u e n c y  a n d  a l s o  t h e  
e a s e  w i t h  w h i c h  s a t u r a t i o n  o f  e n e r g y  l e v e l s  a t  t h e  pump f r e q u e n c y  
o c c u r s .  T h u s ,  f r o m  a s t u d y  o f  t h e  c u r v e s  c o n t a i n e d  i n  t h i s  r e p o r t  - 
o n e  may d e t e r m i n e  t h e  o p e r a t i n g  p o i n t s  f o r  m a s e r s  e m p l o y i n g  
M n 4 + : T i 0  a n d  C r 3 + : Z n W 0  

4. 2 

I t  s h o u l d  b e  p o i n t e d  o u t ,  i n  a d d i t i o n ,  t h a t  o t h e r  i m p o r t a n t  
p a r a m e t e r s  n o t  o b t a i n a b l e  f r o m  a s p i n - H a m i l t o n i a n  a n d  t h e r e f o r e  
n o t  i n c l u d e d  h e r e i n  a r e  t h e  v a r i o u s  r e l a x a t i o n  t i m e s  T1, T 2  
( v a r  i o u s 1 y c a  11 e d  " s  p i  n-s p i n",  "1 o ng i t u d  i na 1 a n d  
t r a n s v e r s e " ,  e t c . ) .  T h e y  d e t e r m i n e  l i n e - w i d t h s  a n d  pump t r a n s i -  
t i o n  c h a r a c t e r i s t i c s ,  a s  w e l l .  

11 s p i n -  1 a t  t i c e "  , 

\ 
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T a b l e  1 

THE T A = 0 

1-2 1-3 1-4 
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2- 3 

A L P H A  B E T A  

2-4 

A L P H A  B E T A  

3-4 

A L P H A  B E T A  A L P H A  B E T A  A L P H A  A L P H A  B E T A  H 
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2 
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4 
5 
6 
7 
8 
9 

10 

H 
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10 
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2- 3 
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THE T A =4 5 
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A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  

45 160 
47 180 
4 9  180 
50 180 

128 0 
127 0 
127 0 
127 0 
127 0 
127 0 

80 180 36 0 
80 180 37 0 
80 180 37 0 
98 0 36 0 
96 0 35 0 
86 180 146 180 
88 180 146 180 
90 0 148 180 
90 0 146 180 
86 0 26 0 

29 0 
157 180 

16 0 
8 0 

179 0 
9 180 

16 180 
159 0 
26 180 
29 180 

83 180 
85 180 
87 180 
89 180 
89 0 
88 0 
87 0 
86 0 
86 0 
96 180 

90 90 
90 90 
90 90 
90 90 
90 90 
90 90 
90 90 
90 90 
90 90 
90 90 

T H E T A = 4 5  PHI  =30 

2- 3 

A L P H A  B E T A  

1-2 1-3 1-4 2-4 3-4 

A L P H A  B E T A  4LPHA B E T A  A L P H A  

136 
135 
134 
133 
133 
133 
133 
134 
134 
134 

B E T A  

150 
148 
146 
145 
143 
1 4 1  
140 
137 
136 
135 

8 

A L P H A  

84 
86 
88 
89 
91 
91 
92 
92 
93 
93 

B E T A  

175 
175 
175 
175 
175 
176 
176 
176 
176 
176 

A L P H A  

99 
98 
97 
95 
93 
93 
93 
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95 
95 

B E T A  
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110 
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56 183 
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56 184 
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T a b l e  1. ( c o n t i n u e d )  

T H E T A  =45 PHI =60 

1-2 1-3 1-4 2-3 2-4 3-4 

H A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  

1 128 22 
2 127 21 
3 127 17 
4 125 12 
5 121 7 
6 117 4 
7 66 184 
8 68 184 
9 112 4 

10 112 5 

86 

86 
88 
89 
84 
80 

1 2  
103 
104 

85 
177 125 150 128 155 
178 124 145 135 150 
179 125 143 141 154 
180 124 144 152 160 

0 124 142 169 168 
- 1  123 143 172 2 
-3 124 1 4 1  30 152 

174 124 140 37 170 
172 124 140 135 -9 
171 125 138 49 173 

87 
88 
89 
90 
90 
9 1  
93 
95 
95 
96 

176 109 129 
176 108 130 
177 105 132 
178 101 135 

1 96 140 
4 9 4  146 
5 93 151 
7 94 153 
7 95 154 
8 95 154 

T H E T A = 4 5  PHI  =90 

1-2 1-3 1-4 2- 3 2-4 3-4 

H A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  E E T A  A L P H A  B E T A  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

129 128 
135 100 
135 97 
90 180 

138 90 
90 0 
79 -4 
79 -4 
80 -3 
81 -3 

79 -4 120 
79 -5 124 
78 -5 126 
78 -5 127 
78 -5 133 
79 -4 134 
90 180 93 
90 0 133 
89 - 1  96 
89 - 1  104 

143 
141 
131  
129 
105 
95 

177 
74 

174 
165 

16 46 
18 35 
20 25 
90 141 
27 10 

101 141 
33 7 
35 3 
37 1 
39 -1  

89 180 
93 0 
90 180 
90 180 
90 0 

124 9 1  
92 172 
92 172 
91 173 
91 173 

9 1  173 
89 172 
92 172 
92 172 
92 172 
92 172 
90 180 
90 180 
90 180 
90 180 

THE T A =90 P H I =  0 

1-2 1-3 1-4 2- 3 2-4 3-4 

H A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  

1 180 
2 180 
3 180 
4 180 
5 180 
6 180 
7 180 
8 180 
9 180 

10 180 

0 
0 
0 

90 
0 
0 
0 
0 
0 
0 

90 180 90 90 
90 180 90 90 
90 0 90 90 
90 180 90 90 
90 0 90 90 
90 180 90 90 
90 180 90 90 
90 180 90 YO 
90 180 90 90 
90 180 90 90 

90 90 
90 90 
90 90 
90 90 
90 90 
90 90 
90 90 
90 90 
90 90 
90 90 

90 180 
90 0 
90 0 
90 0 
90 180 
90 180 
90 180 
90 180 
90 180 
90 180 

YO 90 
90 90 
90 90 
90 90 
90 90 
90 90 
90 90 
90 90 
90 90 
90 90 



T a b l e  1. ( c o n t i n u e d )  

THET A = 9 0  PH J =30 

1-2 1-3 1-4 2- 3 2-4 3-4 

A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  H 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

H 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

120 
122 
123 
125 
126 
126 
127 
127 
127 
127 

180 
180 
180 

0 
0 

180 
180 

0 
0 

180 

0 90 173 90 
0 90 175 90 
0 90 177 90 
0 90 179 90 
0 90 0 90 
0 90 1 90 
0 90 2 90 
0 90 3 90 
0 90 3 90 
0 90 4 90 

58 
56 
55 
55 
55 
55 
55 
55 
56 
56 

90 64 90 
90 69 90 
90 75 90 
90 82 90 
90 88 90 
90 93 90 
90 98 90 
90 1 2 90 
90 105 90 
9 0  107 90 

170 90 
170 90 
170 90 
171 90 
172 90 
174 90 
175 90 
176 90 
177 90 
178 90 

T HET A = 9 0  PH J =60 

1-2 1-3 1-4 2-3 2-4 3-4 

A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  

180 0 
180 0 
180 0 
180 0 
180 0 
180 0 
180 0 

0 0 
180 0 

0 0 

90 175 
90 177 
90 178 
90 0 
90 3 
90 7 
90 7 
90 10 
90 12 
90 14 

90 66 
90 65 
90 66 
90 68 
9 0  71 
90 79 
90 79 
90 83 
90 86 
90 89 

90 69 
90 74 
90 80 
90 89 
90 98 
90 109 
90 118 
90 126 
90 131 
90 135 

90 173 
90 173 
90 174 
90 176 
90 179 
90 3 
90 007 
90  1 1  
90 14 
90 17 

90 150 
90 151 
90 153 
90 154 
90 155 
90 156 
YO 156 
90 156 
90 156 
90 156 

T H E T A  =90 PH J =90 

1-2 1-3 1-4 2-3 2-4 3-4 

B E T A  

180 
172 
180 
180 
180 
180 
180 
180 
180 
180 

A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  

180 90 
3 90 

180 90 
180 90 

0 90 
180 90 
180 90 

0 90 
180 90 
180 90 

0 
180 
180 
180 
180 
180 
180 

0 
180 
180 

0 90 
0 9 0  
0 90 
0 YO 
0 90 
0 90 
0 90 
0 90 
0 90 
0 90 

90 9 0  90 
90 90 90 
90 90 90 
90 90 90 
90 90 90  
90 90 90 
90  90 90 
90 90 90 
90 90 90 
90 90 90 

90 144 21 
9 0  116 4 
90 131 14 
90 124 12 
90 121 9 
90 117 6 
90 1 1 3  4 

2 90 1 1 1  
1 90 108 

90 106 0 

10 



T a b l e  2 

T H E T A  =O P H I =  A N Y T H I N G  

1-2 1-3 1-4 2-3 2-4 3-4 

H A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  ALPHA B E T A  ALPHA B E T A  

1 81 0 90 90 78 0 
- 2  88 0 90 90 178 180 

3 90 0 90 90 158 180 
4 90 0 90 90 9 0 

- 5  90 0 90 90 176 180 
6 90 0 90 90 179 150 
7 86 0 90 90 90 90 
8 90 0 90 90 90 90 
9 95 0 90 90 90 90 

10 77 180 90 90 90 90 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1-2 

H A L P H A  B E T A  

1 90 
2 90 
3 90 
4 90 
5 90 
6 90 
7 90 
8 90 
9 90 

10 90 

90 
90 
90 
90 
90 
90 
90 
90 
90 
90 

T HET A =45 P H I =  0 

1-3 1-4 2- 3 

A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  

0 90 90 167 180 
0 90 90 31 0 
0 90 90 58 0 
0 90 90 90 90 
0 90  90 90 90 
0 9 0  90 90 90 
0 90 90 90 90 
0 90 90 90 90 
0 90 90 90 90 
0 90 90 90 90 

90 9 0  
90 90 
90 9 0  
90 180 
90 9 0  
90 90 
90 9 0  
67 0 

110 180 
76 0 

90 
90 
90 
90 
90 
90 
90 
90 
90 
90 

90 90 90 
90 78 180 
9 0  81 180 
90 90 180 
90 90 180 
90 06 0 
90 78 0 
90 68 0 
90 126 180 
90 38 0 

2-4 

A L P H A  B E T A  

90 90 
90 90 
9 0  90 
90 90 
90 90 
90 90 
90 90 
90 90 
9 0  90 
90 90 

3-4 

A L P H A  B E T A  

51 180 
137 0 
146 0 
49 0 

165 0 
179 - 1  
137 180 
90 90 
90 90 
90 90 

THE T A = 4 5  PHI =30 

1-2 1-3 1-4 2-3 2-4 3-4 

H ALPHA BETA ALPHA BETA A L P H A  BETA ALPHA BETA ALPHA B E T A  ALPHA BETA 

1 85 126 92 91 81 100 77 112 93 91 135 42 
2 85 125 90 88 84 94 7 9  180 94 91 140 46 
3 85 125 89 88 83 99 76 154 95 90 138 50 

56 4 85 125 89 87 83 101 74 100 95 
5 85 125 87 84 84 100 71 94 96 88 134 65 

74 6 86 125 85 79 85 98 66 88 97 
7 86 124 83 73 86 97 60 80 97 86 124 80 
8 87 124 82 66 87 95 51 72 98 84 117 82 
9 88 123 82 60 87 96 40  66 98 83 113 82 

10 88 123 84 55 88 94 28 62 99 81 110 80 

89 136 

87 130 

11 



T a b l e  2 .  ( c o n t i n u e d )  

T H E T A  =45 PHI  =60 

1-2 

H A L P H A  B E T A  

1 86 156 
2 87 163 
3 86 155 
4 86 154 
5 87 154 
6 87 153 
7 87 153 
8 88 152 
9 88 152 
10 88 152 

H 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

H 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

1-3 1-4 

A L P H A  B E T A  A L P H A  B E T A  

93 91 74 109 
92 86 73 105 
89 85 78 101 
89 88 80 99 
87 86 81 99 
86 84 82 99 
86 82 85 87 
86 79 83 98 
87 77 84 97 
88 72 84 98 

2-3 2-4 

A L P H A  B E T A  A L P H A  B E T A  

71 
68 
66 
61 
56 
50 
43 
35 
26 
18 

101 96 92 
100 97 92 
99 98 90 
96 99 90 
94 100 89 
91 101 88 
88 103 89 
86 102 86 
85 102 85 
92 102 85 

3-4 

A L P H A  B E T A  

135 68 
134 73 - 
136 77 
130 77 I 

128 80 
178 82 - 
116 95 
118 83 
118 83 
117 83 

T HE T A = 4 5 PHI  =90 

1-2 1-3 1-4 2- 3 2 -4 3-4 

A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  ALPHA B E T A  A L P H A  B E T A  

90 1 94 89 
90 0 92 89 
90 0 90 90 
90 0 89 90 
90 0 88 90 
90 0 87 90 
90 0 87 90 
90 0 87 90 
90 0 88 90 
89 180 88 85 

T H E T A = 9 0  

1-2 1-3 

74 92 69 
76 84 65 
77 89 61 
79 89 56 
80 90 51 
81 90 44 
81 90 37 
82 90 30 
83 90 22 
85 95 14 

90 97 90 135 90 
89 98 91 133 92 
90 99 90 131 91 
90 100 90 129 90 
90 101 90 127 90 
90 102 90 124 90 
90 103 90 123 90 
90 103 90 121 90 
90 103 90 120 90 
90 103 90 119 90 

P H I =  0 

1-4 2- 3 2-4 3-4 

A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  

90 90 
90 90 
90 90 
90 90 
90 90 
90 90 
90 90 

90 90 
90 90 

90 
90 
90 
90 
90 
90 
90 

B A D  
90 
90 

90 
90 
90 
90 
90 
90 
90 

P O I N T  
90 
90 

90 
90 
90 
90 
90 
90 
90 

90 
90 

0 90 
0 90 
0 90 
0 90 
0 90 
0 90 
0 90 

0 90 
0 90 

1 2  

0 90 90 
0 90 90 
0 90 90 
0 90 90 
0 90 90 
0 90 90 
0 90 90 

0 90 90 
0 90 90 



T a b l e  2 .  ( c o n t i n u e d )  

T H E T A = 9 O  PHI =30 

1-2 1-3 1-4 2- 3 2-4 3-4 

H A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

90 
90 
90 
90 
90 
90 
90 
90 
90 
90 

120 90 
120 90 
120 90 
120 90 
119 90 
119 90 
119 90 
119 90 
119 90 
118 90 

94 
93 
91 
88 
85 
80 
75 
69 
64 
60 

90 27 90 5 
90 9 90 3 
90 5 90 1 
90 1 90 177 
90 175 90 172 
90 170 90 166 
90 164 90 159 
90 159 90 152 
90 154 90 146 
90 150 90 141 

90 
90 
90 
90 
90 
90 
90 
90 
90 
90 

109 0 
95 0 
92 0 
88 0 
83 0 
79 0 
74 0 
69 0 
64 0 
60 0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

THE T A = 90 PHI =60 

1-2 1-3 1-4 2-3 2-4 3-4 

H A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  BETA A L P H A  B E T A  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

90 148 
90 150 
90 150 
90 150 
90 149 
90 149 
90 149 
90 149 
90 149 
90 148 

90 
90 
90 
90 
90 
90 
90 
90 
90 
90 

94 
93 

90 
88 
86 
84 
82 
81 
79 

92 

90 43 
90 12 
90 7 
90 3 
90 1 
90 178 
90 175 
90 174 
90 172 
90 171 

90 5 
90 4 
90 1 
90 179 
90 176 
90 173 
90 170 
90 168 
90 165 
90 163 

90 120 
90 98 
90 93 
90 90 
90 87 
90 85 
90 82 
90 80 
90 79 
90 78 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

T H E T A  =90 PHI  =90 

1-2 1-3 1-4 2-3 2-4 3-4 

I -  H A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  A L P H A  B E T A  

I 1 
I 2 

3 
4 
5 
6 
7 
8 
9 

10 

I 

I 

90 0 
90 5 
90 1 
90 0 
90 0 
90 0 
90 0 
90 0 
90 0 
90 0 

90 52 90 0 
90 43 90 167 
90 53 90 176 
90 58 90 0 
90 61 90 0 
90 63 90 0 
90 66 90 0 
90 67 90 1 
90 71 90 179 
90 73 90 -1 

90 1 3 1  
90 133 
90 I35 
90 137 
90 140 
90 142 
90 146 
90 149 
90 152 
90 156 

90 90 
90 90 
90 90 
90 90 
90 90 
90 90 
90 90 
90 90 
90 90 
90 90 

0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 

0 0 
0 0 
0 0 

13 



Figs. 2-10 
ENERGY LEVELS FOR M n  4-t : T i 0 2  

1 4  
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F i g s .  11-19 

ENERGY L E V E L S  F O R  cr3+ :ZnWOq 

2 4  
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2 9  
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3 2  
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F i g s .  2 0 - 4 6  

2 2 4+ I , I S  l 2  a n d  I S z i j I  f o r  Mn : T i 0 2  
" i j  

3 4  
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4 2  
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4 7  







F i g s .  4 7 - 7 3  
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5 4  
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5 5  



5 6  
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6 2  
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6 4  
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F i g s .  7 4 - 8 2  

4 ’- 
M A X I M U M  T R A N S I T I O N  P R O B A B I L I T I E S  FOR Mn : Ti02 
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Figs. 83-91 

3+ 
MAXIMUM T R A N S I T I O N  P R O B A B I L I T I E S  F O R  Cr :ZnW04 
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